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Through the Three Gorges well network, we examine different coseismic changes in water
temperature caused by local earthquakes since 2008, and offer a mechanistic explanation.
The relations between the coseismic changes in water temperature and the parameters of
distant and local earthquakes are deduced.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).and fractures, and vertical groundwater migration due to
1. Introduction
The seismic wave propagation generated by an earthquake
can be regarded as a wide range of dynamic processes. The
coseismic responses of different underground fluids are re-
flections of the stress and strain created by these processes.
The coseismic variations in groundwater microtemperatures
reveal underground reservoir deformation, changes in poresng W.).
ute of Seismology, China
ier on behalf of KeAi
ina Earthquake Administra
ss article under the CC BYcrustal deformation and ground vibration [1e3]. Using data
recorded in the Beijing region, the work of Che and Yu [4,5]
shows that the coseismic responsemechanism is attributed to
thereleaseofwellwatergas. Liu [6] summarized thebasic types
of water temperature coseismic characteristics by collecting
the water temperature coseismic data of the Sumatra
earthquake on December 26, 2004 recorded by the Chinese
continental groundwater network. On the basis of the digitalEarthquake Administration.
tion, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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well, Yang [7] suggested that accelerated convection and
mixing caused by wellbore oscillation are the primary causes
of the water temperature coseismic response. Cooper [8]
reported that the groundwater-level response to volume
expansion is much greater than the vertical motion.
Mass observation data have been recorded in the Three
Gorge well network since 2001, and considerable researches
have been performed in this area by both domestic and inter-
national experts. According to Che [9], the network layout and
construction of the Three Gorges well network were very
successful, as indicated by the confined aquifer permeability,
closed-cycle storage conditions, mineralization, and other
studied factors of each well. Liu [10] reported that the Three
Gorge well network has good intrinsic data quality that can
provide not only groundwater basis for reservoir-induced
seismicity trends above a certain earthquake magnitude but
also valuable reference data for research on the seismicity.
Liu [11] systematically studied the water level coseismic
characteristics of the Wenchuan earthquake in the wells of
the Three Gorge well network based on the “field” platform
and reported the coseismic difference and corresponding
explanation for each well. Liu [12] investigated the normal
dynamics of individual wells in the Three Gorges network in
2001 by systematically analyzing eight wells for water level,
four wells for water temperature, and four wells for radon
data. The ability of the data to reflect earthquakes was also
tested; however, the above studies mostly focused on
teleseism and did not consider local earthquakes. As the
selected wells have different geologic structures and
hydrogeological backgrounds, the abovementioned
coseismic mechanism studies are limited to water level
coseismic data and lack water temperature data.
Since 2008, numerous earthquakes with magnitudes
exceeding M3.0 have occurred in the Three Gorge region. In
particular, the Badong M5.1 earthquake on December 16, 2013
and the M4.2 and M4.5 events in March, 2014 provide the best
chance to perform a water temperature coseismic study in theFig. 1 e Distribution of the ThThree Gorges well network. Thus, this study attempts to
summarize the coseismic variation characteristics and derive
empirical correlations between the amplitude of coseismic
effects and the magnitudes of six local earthquakes that
occurred on September 27, 2008, November 22 and October 31,
2012, December 16, 2013, and March 27 and 30, 2014 by
analyzing the water temperature coseismic data of the Dahe-
kou and Zhouping wells. For theMs8.0Wenchuan earthquake,
the coseismic water temperature data of eight wells in the
Three Gorge network were analyzed, and the differences in
water temperature coseismic characteristics and influencing
factors of the near earthquake and the local earthquake were
obtained. On the basis of this analysis, a mechanism for
studying the water temperature coseismic effects of local
earthquakes and near earthquakes was proposed.2. The coseismic characteristics of well
water temperature
TheThreeGorgeswell network comprises eightwells (Fig. 1).
Well-borewater temperaturedetectorswereplacedat depthsof
70e140m tomonitor the temperatures of the aquifers and their
surrounding areas. The amplitude of the underground water
temperature change was in the range of 101 Ce104 C. In
this study, the coseismic variations in groundwater
temperature were analyzed for the dates of six local
earthquakes (September 27, 2008, November 22 and October
31, 2012, December 16, 2013, and March 27 and 30, 2014). The
differences in the coseismic variation of groundwater
temperature between local earthquakes and near earthquakes
were analyzed, and the influencing factors were then deduced.
2.1. The Dahekou well temperature coseismic
characteristics
The Dahekou well is located at the south of the Xiannushan
Faultzone. Itsheightabovesealevel is241m,anditsburialdepthree Gorges well network.
Fig. 3 e Coseismic effect chart of the M4.1 earthquake for
the Dahekou well.
Fig. 4 e Coseismic effect chart of the M5.1 earthquake for
the Dahekou well.
Fig. 5 e Coseismic effect chart of the M4.2 earthquake for
the Dahekou well.
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the aquifer seal is good. Thewater level and temperature in the
Dahekou well dynamic are not disturbed by rainfall or air pres-
sure, and coseismic variations are sensitive in the water level
andwater temperature to teleseismsandnear earthquakes.The
temperature detector in this well is placed at a depth of 110 m,
and the temperature gradient is positive with depth. The
coseismic variations associated with five of the six local earth-
quakes were recorded (Figs. 2e6). After an earthquake, the
coseismic variation decreases gradually over one to two days.
The coseismic variation lag time relative to the beginning of the
earthquake ranges from 5 to 30 min, and the start time of the
coseismic variation is directly proportional to distance from
epicenter to well and inversely proportional to earthquake
magnitude.Thecoseismic reductionamplitude ranges fromtwo
or three to tens of 102 C; the amplitude is directly proportional
to earthquakemagnitude and inversely to distance.
For above-mentioned teleseismic and local earthquake,
coseismic variation is ascending in water level and descend-
ing in water temperature [14]. The direction of the coseismic
variation does not change with the focal mechanism, the
distance to the epicenter, the magnitude, or the epicenter
azimuth (Table 1).
2.2. Zhouping well coseismic characteristics
The depth of the Zhouping well is 80 m, and its lithology is
purple-red sandstone. The water temperature detector is
placed at a depth of 60m, and thewater level and temperature
are sensitive to teleseismicity and local earthquakes. Coseis-
mic variation was recorded for four out of the six local
earthquakes (Figs. 7e10). The change in the coseismic varia-
tion lasts for 2e3 min and then recovers. The coseismic vari-
ation lag was 5e100 min after the start of the earthquake; the
duration of the response is directly proportional to distance
and inversely proportional to earthquake magnitude. The
coseismic amplitude ranges from two or three to tens of
103 C; the amplitude is directly proportional to earthquake
magnitude and inversely proportional to distance (Table 2).
The direction of the coseismic response does not change
with the focal mechanism, the distance to the epicenter,
earthquake magnitude, or epicenter azimuth. The change in
the coseismic water level associated with earthquake
azimuth is an increase in Japan and a decline in Iran.
2.3. Coseismic characteristics of the Wenchuan
earthquake
The distance from the epicenter of the Wenchuan M8
earthquake on May 12, 2008 to the Three Gorges region wasFig. 2 e Coseismic effect chart of the M3.2 earthquake for
the Dahekou well.700 km. The water level of all the wells in the Three Gorges
network exhibited coseismic effects associated with this
event [13], whereas water temperature was only affected at
Gaojiaxi well (W1), Dahekou well (W5), and Guojiaba well
(W8; Fig. 11). The coseismic water level in W1 increased,
whereas the levels in W5 and W8 decreased. The change in
water temperature in the three affected wells varied from
two or three to tens of 102 C. The coseismic lag time is
inversely proportional to the distance from the epicenter
(Table 3). The water level and temperature of W1 did not
exhibit coseismic responses to the six local earthquakes, but
responses to the Wenchuan earthquake were observed;
thus, the sensitivity of the coseismic water temperature is
directly proportional to the magnitude of the earthquake.
The coseismic variation in the water level depends on the
local geological structure and hydrogeological conditions.
Influence factors of coseismic variation in the water
temperature is more than the water level, such as the water
temperature gradient characteristics, the water movementFig. 6 e Coseismic effect chart of the M4.5 earthquake for
the Dahekou well.
Table 1 e Dahekou well coseismic parameters for near and local earthquakes.
Occurrence
date
Magnitude
(Ms)
Focal
mechanism
Variable
amplitude (C)
Epicenter
distance (km)
Lag time
(min)
Water level
coseismic variation
Temperature
coseismic variation
2008-09-27 3.2 Right lateral slip 0.13 20.7 17 Rise Decline
2008-11-22 4.1 Thrust slip 0.02 24.5 19 Rise Decline
2012-10-31 3.1 Right lateral slip e e e e e
2013-12-16 5.1 Right lateral slip 0.04 50 26 Rise Decline
2014-03-27 4.2 Thrust slip 0.036 21.6 15 Rise Decline
2014-03-20 4.5 Thrust slip 0.214 14.5 5 Rise Decline
Table 2 e Zhouping coseismic parameters for near and local earthquakes.
Occurrence
date
Magnitude
(Ms)
Focal
mechanism
Variable
amplitude (C)
Epicenter
distance (km)
Lag time
(min)
Water level
coseismic variation
Temperature
coseismic variation
2008-09-27 3.2 Right lateral slip e e e e e
2008-11-22 4.1 Thrust slip e e e e e
2012-10-31 3.1 Right lateral slip 0.003 8.1 2 Decline Rise
2013-12-16 5.1 Right lateral slip 0.01 43.1 7 Rise Rise
2014-03-27 4.2 Thrust slip 0.011 13.7 5 e Rise
2014-03-30 4.5 Thrust slip 0.0114 10.3 4 Rise Rise
Table 3 eWater temperature coseismic parameters of the Wenchuan earthquake in the Three Gorges well network.
Coseismic
station
Variable
amplitude(C)
Epicenter
distance
Lag
time(minute)
Water level
coseismic
Temperature
coseismic
GaoJiaxi(W1) 0.019 721 15 Decline Rise
Dahekou(W5) 0.3 704 14 Rise Decline
Guo Jiaba(W8) 0.03 695 12 Decline Decline
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water temperature detector set et, and the mechanism is
more complex.3. Analysis of the coseismic temperature
response and mechanism
3.1. Characterization of coseismic variation parameters
The relation between the coseismic temperature response
to earthquake magnitude and to distance is as follows [7]:
lgDhi ¼ b1Mþ b2lgDþ a (1)
where Dhi is the variation amplitude in water temperature, M
is earthquake magnitude, D is the distance from the well to
the earthquake epicenter, and a is a constant. By substituting
the parameters of Table 1 into equation (1), the relation
between the variation in temperature to the magnitude and
the distance of the earthquake for the Dahekou well was
obtained by two-element regression as follows:Fig. 7 e Coseismic effect chart of the M3.1 earthquake for
the Zhouping well.lgDhi ¼ 0:694M 2:166lgD 1:585 (2)
In the same manner, the corresponding relation for the
Zhouping was obtained from the parameters given in Table 2:
lgDhi ¼ 0:761M 1:376lgD 3:632 (3)
Equations (2) and (3) show that coseismic variations in
water temperature in the Dahekou and Zhouping wells are
directly proportional to the magnitude of the earthquake and
inversely proportional to the logarithm of the distance from
the epicenter. Substituting the coseismic effect parameters of
the Wenchuan earthquake (Table 3) into equations (2) and (3)
yields similar results, indicating that the above relations are
also applicable to local earthquakes. Further solving
equations (2) and (3), magnitude and well earthquake
distance satisfy equation (4) when the amplitude of
coseismic variations in two wells is larger than 0.01.
M  1:632þ 1:231lgD (4)
According to equation (4), when the magnitude and
epicenter distance satisfy the above relation, the
temperature change will exceed 0.01 C.Fig. 8 e Coseismic effect chart of the M5.1 earthquake for
the Zhouping well.
Fig. 9 e Coseismic effect chart of the M4.2 earthquake for
the Zhouping well.
Fig. 11 e Coseismic effects of theWenchuan earthquake on
the Three Gorges well network.
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The coseismic effect of water temperature is obvious in the
three wells of the network, but the differences in coseismic
shape, amplitude, and response characteristics are also
palpable. The mechanism underlying these differences is
relatively complex. At present, the coseismic effect on water
temperature is believed to be a secondary effect of oscillations
in the well water level, in conjunction with the relevant
temperature gradient and the thermal dynamic function of
the aquifer system [14]. However, the results of this study
show that the coseismic temperature effect is related not
only to the well water level, but also to the geothermal
characteristics of the well. The water temperature coseismic
direction of Dahekou well and Guojiaba well is stepping
down, with declining first, and rebounding followed; and the
amplitude of Guo JiaBa is higher than that of Da HeKou.
Most water temperature coseismic of Zhouping step down
too. Shi Yaolin [15] and Che Yongtai [16] suggested that the
rise and decline in water temperature in response to seismic
activity are caused by the mixing of waters with different
temperatures in the wellbore, due to hydrodynamic
dispersion and hydrothermal convection. This theory was
confirmed by Yin Baojun through comparisons and
observations [17]. As shown in Fig. 12, when the upper
(relative to low temperature) and lower (relative to high
temperature) waters mixed because of oscillation in the
wellbore, the water temperature above a certain depth
(Depth for different wells differs) increased, whereas below a
certain depth it decreased. As most of the water
temperature sensors are placed at or near the bottom of
wells, the coseismic effects of water temperature first show
a decrease, related to temperature gradient, water level
oscillation, and oscillation duration.
The decline in water coseismic temperature in the Dahe-
kou well and its rise in the Zhouping well when an earth-
quake occurs are explained by the abovementionedFig. 10 e Coseismic effect chart of the M4.5 earthquake for
the Zhouping well.mechanism. The temperature detector in the Dahekou well is
at a depth of 110 m, whereas the sensor in the Zhouping well
is placed at a depth of 40 m. The above mechanism is not
suitable for the coseismic water temperature variation of
Dahekou well and Guojiaba well caused by the Wenchuan
earthquake; after this event, water level coseismic effects
were observed in the entire well network [13], but water
temperature coseismic effects were only found in Dahekou
well and Guojiaba well. In addition, the water temperature
amplitude in Dahekou well is higher than that in Guojiaba
well. The temperature gradient of Dahekou well at 100 m
(from 0.4705 C/HM to 0.0810 C/HM at 20e120 m, with an
average gradient of 0.3016 C/HM) is less than that of
Guojiaba well (from 1.0345 C/HM to 0.5810 C/HM at
20e100 m, with an average gradient of 0.9492 C/HM) [18].
Thus, the above theory that the coseismic amplitude is
directly proportional to the water temperature gradient
does not always hold true. These results demonstrate that
the coseismic response of water temperature is quite
complex, and understanding the mechanism for this
phenomenon requires further study.Fig. 12 e Temperature coseismic effect diagram.
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1) The water temperature coseismic characteristics in the
Three Gorges well network between the Wenchuan Ms8.0
and six local earthquakes are almost the same. The
coseismic amplitude is directly proportional to earthquake
magnitude and inversely proportional to the epicenter
distance. The coseismic lag time is directly proportional to
the epicenter distance.
2) The direction of the change in coseismic water tempera-
ture in the same well is consistent. The coseismic tem-
perature of the Dahekouwell declineswhile thewater level
rises. The coseismic water temperature of the Zhouping
well appears to rise but does not change with the epicenter
azimuth, focal mechanism, or epicenter distance. In
contrast, the change in the coseismic water level in the
Zhouping well is associated with the epicenter azimuth
(decrease for earthquakes to the west and increase for
earthquakes to the east).
3) The coseismic temperature of the Three Gorges well
network shows only rise and decline characteristics, not
oscillation. The coseismic water level change of the
Dahekou well to local earthquakes is a sufficient and
necessary condition to water temperature. Coseismic
in water temperature emerged as it in water level
appeared; and it was the same the other way around. The
coseismic variation in water level of Zhouping well is a
necessary condition to temperature in local and near
earthquakes. Coseismic in water temperature didn't
emerged as it appeared in water level. But coseismic
variation in the water temperature is a sufficient condition
to water level.
4) The results of this study show that the characteristics and
mechanism of coseismic temperature effects are complex.
Their amplitude and direction are affected by earthquake
magnitude, epicenter distance, geothermal gradient, de-
tector placement, and other factors.Acknowledgements
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